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Manchester, Manchester, United KingdomABSTRACT It is generally accepted that enzymes catalyze reactions by lowering the apparent activation energy by transition
state stabilization or through destabilization of ground states. A more controversial proposal is that enzymes can also accelerate
reactions through barrier compression—an idea that has emerged from studies of H-tunneling reactions in enzyme systems. The
effects of barrier compression on classical (over-the-barrier) reactions, and the partitioning between tunneling and classical reac-
tion paths, have largely been ignored. We performed theoretical and computational studies on the effects of barrier compression
on the shape of potential energy surfaces/reaction barriers for model (malonaldehyde and methane/methyl radical anion) and
enzymatic (aromatic amine dehydrogenase) proton transfer systems. In all cases, we ﬁnd that barrier compression is associated
with an approximately linear decrease in the activation energy. For partially nonadiabatic proton transfers, we show that barrier
compression enhances, to similar extents, the rate of classical and proton tunneling reactions. Our analysis suggests that barrier
compression—through fast promoting vibrations, or other means—could be a general mechanism for enhancing the rate of not
only tunneling, but also classical, proton transfers in enzyme catalysis.INTRODUCTIONEnzymes are efficient and often unrivalled catalysts, yet
uncertainty remains as to the precise origins of their catalytic
power (1,2). Transition state theory (TST) (3) remains the
dominant paradigm, but for reactions involving H (Hþ, H,
or H) transfer—comprising probably at least half of all enzy-
matic reactions—quantummechanical tunneling of the trans-
ferring particle (H)must also be considered (4–10). H-transfer
reactions are probed experimentally using isotope effects and,
about 10 years ago, measurements of the temperature depen-
dence of some enzymatic reactions began to uncover kinetic
isotope effects (KIEs) with unusually strong temperature
dependencies (11–14). The origin of such temperature depen-
dencies is still hotly debated (see, e.g., (15–19)), but one
popular explanation is that promoting vibrations—fast (sub-
picosecond) thermally activated vibrations of the enzyme-
substrate binary complex—transiently compress (i.e., reduce
the width of) the reaction barrier and consequently enhance
the rate of the tunneling reaction (18–24). Saen-Oon et al.
have also recently suggested that such vibrations may also
enhance nontunneling reactions (25). Although it is possible
to use computational studies to visualize putative promoting
vibrations using spectral density analysis of molecular
dynamics (MD) simulations (19,26,27), direct experimental
observation of such vibrations remains elusive. Indeed, it
has been argued that such vibrationsmight not be catalytically
useful as, if they compress the reaction barrier, they will
reduce the amount of H-tunneling that occurs (15,28).
Contrary to this, we have recently presented experimental
evidence that hydrostatic pressure causes both barrierSubmitted July 27, 2009, and accepted for publication September 24, 2009.
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0006-3495/10/01/0121/8 $2.00compression (29), and significant enhancements to both the
rate and KIE (30) of an enzymatic hydride transfer reaction
that occurs predominantly by tunneling (31).
The rate of a tunneling reaction is sensitive to the overall
shape of the reaction barrier (32–34) and, to the best of our
knowledge, there has been no systematic computational study
of the effect of barrier compression on the shape of enzymatic
reaction barriers. Further, inmanyenzymes, theH-transfer step
will occur by a mixture of classical (over-the-barrier) transfer
and tunneling. In this case, the role of barrier shape is also
important as the classical reaction will be influenced largely
by the height of the barrier—which is also likely to be affected
bybarrier compression (35). In this study,weprovide a system-
atic investigation of the role of both barrier height and barrier
width on the kinetics of proton transfer. We focus initially on
two model (partially nonadiabatic) proton transfer reactions,
and then extend this study to look at the individual contribu-
tions of barrier height and width by using analytical barriers.
Finally we apply the same methods to a well-characterized
enzymatic proton tunneling reaction—that of aromatic amine
dehydrogenase (AADH) (7,14,19,35–39). This work provides
a general framework for understanding the effects of barrier
shape (particularly barrier height and width) on the rates,
KIEs, and tunneling contributions ofH transfers in smallmole-
cule and enzymatic systems.METHODS AND THEORY
Model systems
The two (symmetrical) model systems used—linear proton transfer from
CH4 to CH3
 (denoted CH4/CH3
) and internal proton transfer within
malonaldehyde (MA)—are shown in Fig. 1. To ensure that our results can
be applied to biological systems, we also compare the model systems todoi: 10.1016/j.bpj.2009.09.045
FIGURE 1 Reactant (top) and transition (bottom) states of the two model
systems used in this study. (A) CH4/CH3
 and (B) malonaldehyde. Proposed
reaction scheme for the proton tunneling step during the reductive half-
reaction of AADH with tryptamine is also shown (C).
122 Hay et al.the proton transfer step during the reductive half-reaction of AADH with
tryptamine (14,19,35,38,39) (Fig. 1 C) and to reactions modeled using
analytical barriers (Fig. S1 in Supporting Material).
Theory
To model partially nonadiabatic proton transfer reactions, it is necessary to
consider transfer that occurs both classically (over-the-barrier) and quantum
mechanically (tunneling through the barrier) from any point along the reac-
tion coordinate. The rate of the classical unimolecular reaction, kTST, can be
determined using TST,
kTSTðTÞ ¼ k0ðkBT=hÞ

QzðTÞ=QrðTÞ

expð30=kBTÞ; (1)
where Qz(T) and Qr(T) are the partition functions of the transition and reac-
tant states, k0 is the (nontunneling) transmission coefficient (set to unity in
this study for simplicity), and 30 is the difference in barrier potential from
reactant to transition states (TSs) including zero point energy (ZPE) contri-
butions. Consequently, conventional TST (compare to canonical or varia-
tional TST (34)) requires little knowledge of the barrier shape beyond the
barrier height. Calculation of the partition functions is nontrivial, as these
require knowledge of all the vibrations in the system. However, for a preor-
ganized enzyme active site, there is expected to be little activation entropy
and Qz(T) z Qr(T) (see (40) and references therein). We will set the ratio
of partition factors to unity in this study—equivalent to assuming that
30z DG
z. To account for vibrational ZPE lost in the TS, 30 can be estimated
crudely using an harmonic approximation,
30 ¼ V0  1
2
Zui; (2)
whereui is the (angular) D–H stretching frequency lost in the TS (41). Conse-
quently, the protium barrier is lower than the deuterium barrier by ~4.8 andBiophysical Journal 98(1) 121–1285.5 kJ mol1 for the CH4/CH3
 and MA reactions, respectively. Equation 2
assumes that no other frequencies change along the reaction coordinate and
ignores the ZPE of the TS—two properties of the reaction that must be
determined using frequency calculations. The consequences of these simpli-
fications are that Eq. 2 will tend to underestimate 30 (and thus lead to an
overestimation of the rate constants) and, because the values of ui have
been fixed (they decrease at small barrier widths; see Fig. S2) the classical
KIE (kHTST=k
D
TST) will not vary with changes to the barrier shape (also dis-
cussed in (28)). The free energy, DGz, for the various CH4/CH3
 and MA
reactions was also determined from frequency calculations for both H and
D transfer (see below and Fig. S2, Fig. S3, and Fig. S4). Rate constants and
KIEs calculated (see below) from 30 and DG
z are compared later in Fig. 3
and Fig. S6. As there is typically <10-fold difference in the results, and the
trends are identical, we feel that use of Eq. 2 provides an acceptable approx-
imation when frequency calculations are not practical—such as with the
analytical and AADH calculations (see below).
The probability, Ptun, of tunneling through a one-dimensional barrier can
be calculated using the Wentzel-Kramers-Brillouin (WKB) action (32) with
parabolic uniformization (42):
Ptunðq; iÞ ¼

1þ exp½ð2=ZÞ
Z x2
x1
½2miðVðxÞ VðqÞÞ1=2dx
1
:
(3)
The rate of tunneling can then be determined by integrating with respect to
barrier energy,
kitunðTÞ ¼ ð2pZÞ1
Z Vimax
0
QðV; TÞPtunðV; iÞdV; (4)
where Q(V,T) is the Boltzmann probability of achieving an energy, V, rela-
tive to the reactant state. We will take Vmax (which is isotope-dependent) to
be either DGz (when known) or 30 (Eq. 2). Note that the rate (but not the
probability) of tunneling here is temperature-dependent, becoming tempera-
ture-independent at cryogenic temperatures. The overall rate of reaction is
simply the sum of kTST and ktun. Equations 3 and 4 can be readily solved
(approximately) by numerical integration. The apparent correction factor
k—the rate enhancement due to tunneling—can be calculated:
kðTÞ ¼ 1 þ ktunðTÞ=kTSTðTÞ: (5)
Alternatively, k can be directly calculated by multiplying Eq. 3 by a factor of
(h/kBT) when Q(V,T) is normalized to the transition (as opposed to the reac-
tant) state. This approach generally gives equivalent results to Eqs. 3–5
but suffers due to machine precision when k approaches unity.
Analytical barriers
To analyze the effect of barrier shape on proton transfer reactions, it is also
useful to describe the reaction barrier using a simple model potential energy
function such as the symmetrical quartic double-well potential (17). We
have modified this function such that the barrier height, V0, and width, r
(the well-to-well separation), are adjustable independently:
VðqÞ ¼

V0=
1
8
r4

ðq qTSÞ21
4
r2
2
: (6)
Over the range of values used in this study for V0 and r (50–200 kJ mol
1
and 0.4–1.5 A˚, respectively), barrier frequencies of ~500–~5000 cm1
were obtained from the curvature of V(q) at the TS (Fig. S1).
Computational methods
Numerical calculations (Eqs. 1–6) were performed using Mathematica
version 6.5 or 7.0 (Wolfram Research, Champaign, IL). All computational
chemistry was performed in vacuo using Gaussian 03 (43). Potential energy
FIGURE 2 (A) Malonaldehyde potential energy surfaces for proton trans-
fer calculated with fixed O-O separations. Equivalent data for the C4H/CH3

reaction are shown in Fig. S3, as are free energies and barrier widths
(Table S1 and Table S2). (B) Effect of fixed barrier width, r, on the height
(potential energy) of the malonaldehyde (open circles) and C4H/CH3
 (solid
squares) barriers. Acceptor-H distance is also shown. Data are fit to both
linear (solid) and quadratic (V0f r
2; dotted) functions. Slope from the linear
fit (for r> 0.7 A˚) is 1945 7 and 1865 2 kJ mol1 A˚1 for malonaldehyde
and C4H/CH3
, respectively.
Barrier Compression and Enzyme Catalysis 123surfaces (PESs) along the proton-transfer coordinate were calculated at the
MP2/6-31þG(d,p) level of theory for the two model systems, CH4/CH3
and MA. Proton transfer from CH4 to CH3
 was calculated with the
C–H–C angle restrained to 180.01 (to overcome Gaussian 03 (43) crashing
with a restraint of 180.00) and d(C–C) both unrestrained and fixed to values
ranging from 2.7 to 4.2 A˚ (Fig. S3). Proton transfer within MA was calcu-
lated with d(O–O) both unrestrained and fixed to values ranging from 2.3 to
3.0 A˚ (Fig. 2 A and Fig. S4). Each transition state was verified using vibra-
tional analysis and a single imaginary frequency was found in every case. As
we wish to consider proton tunneling, the reaction coordinate was defined as
q ¼ 1
2
ðdðA HÞ  dðD HÞÞ; (7)
where A and D are the donor and acceptor heavy atoms. To directly assess
barrier-width in this study, we will use a reaction coordinate with units of A˚
in place of the more usual mass-weighted coordinate (with units of Bohr).
The factor of one-half allows q to reflect the actual H-tunneling distance at
a given energy along the PES for proton transfer. The well-to-well separation
(Fig. S1) is equal to the distance between the transferred H in the superim-
posed reactant and product states. However, this is only the case if the
D–H–A angle is linear and the system is symmetrical, which is the case
for the CH4/CH3
 reactions here. If H-transfer is not linear then Eq. 7
becomes approximate and, in the case of MA, we corrected for this by using
d(A–H) and d(D–H) values projected along the D–A vector.
Approximately 200 one-dimensional PESs along the proton-transfer coor-
dinate in AADH have previously been calculated at the AM1/CHARMM22
level on structures sampled during QM/MM MD simulations, with
a harmonic constraint applied to the MM region (35). We chose a represen-
tative sample (with the same average barrier height as the total sample) of 35
of these PESs for this study, and we modified these data by redefining the
approximate reaction coordinate as q ¼ 1
2
ðdðO2  H1Þ  dðC1  H1ÞÞ.
Note that proton transfer was calculated to the aspartate O2 as we have previ-
ously established that this is the more likely acceptor (38).RESULTS AND DISCUSSION
Barrier shape
First, PESs along the proton transfer coordinate (barriers)
were calculated for two small and well-characterized model
systems: proton transfer from CH4 to CH3
 with the D–H–A
angle linearly restrained (44), and internal proton transfer
within malonaldehyde (45,46) (Fig. 1). The potential barrier
heights, V0, are 57.6 kJ mol
1 for CH4/CH3
 and 14.4 kJ
mol1 for MA. As expected, the donor/acceptor heavy atom
separation varied along the reaction coordinate for both reac-
tions (Fig. S3 and Fig. S4). Compression of the donor/
acceptor heavy atoms from the reactant to TS separation
requires 10–15 kJmol1 for both systems (Fig. S7). To inves-
tigate the effect of barrier compression on these reactions, we
then calculated multiple PESs for both reactions with various
fixed heavy atom separations. Note that, as we are interested
in the relative change in barrier height withwidth, the absolute
height of the barriers is not of central importance. The MA
data are shown in Fig. 2 A (and both sets of PESs in Fig. S3
and Fig. S4). When the heavy atom separation is sufficiently
large (~2.5 A˚), there is an approximately linear increase in
barrier height with increasing width (H-transfer distance)
(Fig. 2 B). The calculated barrier free energies also show the
same trend (Fig. S2, Table S1, and Table S2). We wouldlike to stress that a decrease in barrier height with decreasing
width is not unexpected (see, e.g., (47)). Parabolic model
barriers predict that V0 f r
2 (41) (also shown in Fig. 2 B)
and, among others, Aqvist and Warshel’s empirical valence
bond method makes a qualitatively similar prediction (48).
Somewhat unexpectedly, however, the magnitude of dV0/dr
is similar for both the CH4/CH3
 and MA reactions, suggest-
ing that this relationship may be generalized to other proton
transfer reactions.
KIEs
To convert the PESs to their corresponding free energy
surfaces, the CH4/CH3
 and MA reactions were linearly
scaled to DGz—the difference in free energy of the TS and
reactant states. Although this scaling is obviously an approx-
imation, it seems to work quite well as the free energy barriers
map onto those calculated using vibrational analysis of points
along the PES (Fig. S5). The rate constant and primary H/D
KIE for proton transfer were then calculated using Eqs. 3
and 4. The calculated KIEs for proton transfer in the unre-
strainedMA and CH4/CH3
 reactions are 4.1 and 5.1, respec-
tively. The KIE for MA is in good agreement with previous
values calculated using molecular orbital methods (45),
although it is in poor agreementwith the experimentally deter-
mined KIE of ~17 (extrapolated to 298 K) (46), which has
proven difficult to accurately calculate (45). More impor-
tantly, there are clear trends among the barrier width for
both restrained reactions and 1), the rate, 2), k, and 3), the
KIE. As the barrier becomes narrower (and lower), the rate
increases roughly exponentially, whereas both k and the KIE
decrease approximately exponentially (Fig. 3 and Fig. S6;
note log10 scale). Interestingly, deconvolution of the calcu-
lated rate constants into classical and tunneling contributionsBiophysical Journal 98(1) 121–128
FIGURE 3 Effect of the barrier width r (A and B) and V0
(C and D) on proton transfer within malonaldehyde. k (for
H; solid squares) and the KIE (open circles) are shown in
panels A and C and kTST (solid squares), ktun (open
triangles), and kobs (open circles) shown in panels B and
D. Note that the ktun and kobs values are essentially super-
imposed. Black data were calculated for free energy
barriers and the red data for barriers were calculated using
Eq. 2.
124 Hay et al.show that both kTST and ktun show similar trends (Fig. 3 and
Fig. S6). This is discussed further below.
We next calculated the rate of H and D transfer across
a series of analytical barriers of differing height and width
(Fig. 4). The barriers were calculated using Eq. 6 and scaled
using Eq. 2 to account for the different ZPE contributions of
H and D to the barrier height. Although this approach will
underestimate the barrier height (30, see above), it allows
the practical deconvolution of the individual contributions
of barrier height and width to the rate of H-transfer. The
analytical barrier data in Fig. 4 are overlayed with the MA
free energy data from Fig. 3. In general, barrier compression
would be expected to roughly follow the path of the MA
data. Clearly, almost any reduction in the barrier height
and/or width will lead to a decrease in the KIE and increase
in kobs. The dependence of k and the percentage of tunneling
is more complicated as the MA data set almost follows the
contours in Fig. 3, A and C. If barrier compression were toFIGURE 4 Three-dimensional and contour plots of theWKB calculations as a f
H (as opposed to D) tunneling (C); and kobs (D). Values calculated from the mal
clarity, the x and y axes are the same in panels A–C. See text for more details.
Biophysical Journal 98(1) 121–128lead to a more reduced slope (dV0/dr) than is seen in the
linear portion of Fig. 2 B, then k could become invariant
with barrier compression. Otherwise, k will decrease as the
barrier is compressed. When k decreases, the relative amount
of H-transfer that occurs by tunneling also decreases (see
below).Enzymatic proton transfer: AADH
To extend this study to enzyme-catalyzed reactions, we then
investigated the rate-limiting proton transfer step during the
reductive half-reaction of the tryptophan-tryptophylquinone-
dependent quinoprotein AADH with tryptamine. The reac-
tion scheme for this reaction is shown in Fig. 1 C and
involves the transfer of a proton from the b-carbon of the
tryptophan-tryptophylquinone iminoquinone intermediate
to an aspartate oxygen (38). The reductive half-reaction of
AADH with tryptamine is well characterized (7,36,37), andunction of barrier height and width showing kH (A); KIEobs (B); percentage of
onaldehyde free energy barriers are overlayed as open circles. Note that for
FIGURE 5 Representative barrier for proton transfer in AADH. The
barrier (open circles) was approximately corrected for ZPE contributions
(Eq. 2) and the corrected barriers for H and D transfer are shown (solid black
and shaded lines, respectively). Overlayed is the transfer probability
P(q)Q(q) for H and D (dashed solid and shaded lines, respectively). Repre-
sentative tunneling distance, rtun, is labeled for H-transfer.
FIGURE 6 Correlation between rtun and r for H (as opposed to D) transfer
in CH4/CH3
 (solid squares) and malonaldehyde (open circles) (A); solid
line shows a slope of 1:1. (B) Relationship among V0 and rtun (for H transfer)
in CH4/CH3
 (open squares), malonaldehyde (solid triangles), and AADH
(solid circles). Combined data are fit to linear (dotted line) and quadratic
(V0 f r
2
tun; solid line) functions.
Barrier Compression and Enzyme Catalysis 125the proton transfer step has previously been shown to occur
predominantly by tunneling (14,38,39). The experimentally
observed rate of proton transfer is ~3500 s1 at room temper-
ature and the KIE is 55 5 6 (38). Further, using spectral
density analysis (26), we have previously identified a putative
subpicosecond-promoting vibration inherent to the imino-
quionone intermediate (19). This vibration corresponds to
a rotation of the donor C1/H1 methylene group that reduces
the heavy atom separation (and concomitantly causes barrier
compression while lowering the activation energy (35)).
In a previous study, we calculated PESs for proton transfer
in AADH sampled from multiple snapshots during an MD
simulation (35). In this study, we analyzed 35 of these
PESs using Eqs. 1–5. Accurate calculation of this number
of enzymatic free energy barriers (using frequency calcula-
tions) would be very time-consuming, so again these were
estimated using Eq. 2 (Fig. 5). The distribution of AADH
barrier heights is roughly Gaussian so we calculated the
apparent (i.e., observed) rate and KIE by taking the proba-
bility-weighted sum over all calculated rate constants
(Fig. S8). We calculated (at 298 K) the KIE ¼ 49, kHobs ¼
8.1 106 s1, kH¼ 1735, and kD¼ 71. Although, compared
to experiment, the rate constants are too fast by ~103 (prob-
ably because Eq. 2 leads to an underestimation of the barrier
height), k is similar to the values previously determined using
variational TST with multidimensional tunneling corrections
(38, 39) and the KIE is in perfect agreement with the exper-
imentally determined value (38). By comparing the MA and
CH4/CH3
 free energy and 30 data (Fig. S2), we can estimate
that Eq. 2 probably underestimates 30 by %10 kJ mol
1. If
we add an additional 10 kJ mol1 to each value of V0, the
KIE in AADH will increase from 49 to ~86 (a similar magni-
tude to the KIE of 93 calculated previously using multidi-
mensional tunneling calculations (38)), whereas the rate will
decrease by ~2 orders of magnitude (see Fig. 7 below). Weare not advocating that this correction be made, but note
that more realistic rate constants are expected if more-accu-
rate ZPE corrections can be made. It is not obvious why our
method reproduces the experimental KIE more accurately,
but this may be due to the fortuitous cancellation of errors.
We should also point out that although this method uses
a one-dimensional tunneling model, by analyzing many
barriers over time, we are effectively performing a multidi-
mensional calculation.
The AADH potential energy barrier heights were found to
vary from49 to 97 kJmol1 across the snapshots from theMD
simulation. In addition, the heavy atom separation was not
restrained during the calculation of theAADHPESs (compare
to the CH4/CH3
 and MA calculations) and varied consider-
ably along the reaction coordinate (35). It was difficult to
determine barrier width, r, as the product states did not gener-
ally show a clear energy minimum. As an alternative, we can
compare the proton tunneling distance—rtun (shown in
Fig. 5), which is isotope-dependent (rHtun> r
D
tun) and scales
linearly with r (Fig. 6 A). There is a good correlation between
V0 and rtun and, surprisingly, these data (V0 vs. rtun) overlay
the MA and CH4/CH3
 data sets (Fig. 6 B). Although these
combined data are best described by the quadratic relationship
V0f r
2
tun (the prediction made for tunneling through amodel
parabolic barrier (41)), for a physically realistic spread of r or
rtun values—such as in theAADHdata (Fig. 6B)—the depen-
dence of V0 and r can be described by a linear relationship (as
we have done in Fig. 2 B). Fig. 7 shows the dependence of k,
the KIE and the deconvoluted rate constants on both the
barrier height and rtun. The trends match those seen for the
restrained MA and CH4/CH3
 calculations (Fig. 3 and
Fig. S6), i.e., roughly exponential decreases in k and KIE
and exponential increases in both kTST and ktun with
decreasing barrier width or height. Clearly, barrier compres-
sion will lead to an increase in observed rate, and a decrease
in KIE and k. A reduction in k corresponds to a decrease inBiophysical Journal 98(1) 121–128
FIGURE 7 Dependence on rtun (for H-transfer) (A and
B) and V0 (C and D) of proton transfer in AADH. k (for
H; solid squares) and the KIE (open circles) are shown
in panels A and C; and kTST (solid squares), ktun (open
circles), and kobs (solid triangles) are shown in panels B
and D. Note that the ktun and kobs values are essentially
superimposed and the dotted horizontal lines in panels C
and D mark the average barrier potential (see Fig. S8).
Arrows mark the experimentally observed kobs and KIE
values (38). See text for more details.
FIGURE 8 KIE versus rtun for the Kuznetsov and Ulstrup vibronic model
(19,23) compared to the AADH KIE calculated using Eqs. 1–5 and plotted
versus rtun for H (as opposed to D) transfer. The X-H bond in the vibronic
model is described using both a quantum harmonic oscillator (a) and
a quantum Morse oscillator (b) as described by Meyer and Klinman (51).
Vibronic model was calculated both without a promoting vibration (solid
lines) and with a fairly stiff promoting vibration (dashed lines), with the
same force constant used in our previous study (160 J m2 (19)). Parameters
for describing the proton wavefunction are given in Fig. S9.
126 Hay et al.the fraction of proton transfers that occur by tunneling rather
than over the barrier, i.e., the percentage of tunneling. This
trend is also seen in Fig. 4. Liu and Warshel made a similar
observation for dihydrofolate reductase (15), and this is prob-
ably a general consequence of barrier compression (47). It has
previously been suggested that the decrease in k (and thus the
relative amount of tunneling) caused by barrier compression
means that the increase in rate is primarily due to an increase
in kTST (17,28). We emphasize that in AADH, the absolute
magnitude of ktun increases significantly more than that
of kTST for a given barrier compression (decrease in rtun;
Fig. 7C, note the log10 scale). Consequently, the rate increase
is due, mostly, to the tunneling contribution. This will be the
case generally whenever k >> 2.
Nonadiabatic models
The decrease in KIE and increase in ktun with barrier compres-
sion seen in Figs. 3 and 7 is also the prediction made by
nonadiabatic, vibronic (Marcus-like full-tunneling) models
of H-transfer (18–23,30,49–51). In these models, over-the-
barrier proton transfer is ignored (i.e., kobs ¼ ktun) and proton
tunneling is modeled in a similar manner to electron transfer,
but with extra terms to account for the H-wavefunction over-
lap and, in some cases, for barrier-compression (donor-
acceptor fluctuations). Whereas it is generally agreed that
this approach is not strictly valid for most H-transfers, it has
become adopted by members of the experimental community
(18,50,51)—including ourselves (14,19,20,30)—as it
appears to be qualitatively useful, and is currently the only
method that can routinely account for strongly temperature-
dependent KIEs. In the context of this study, it should be
possible to model the temperature-dependence of the KIEBiophysical Journal 98(1) 121–128by calculating kTST and ktun at various temperatures. It is
also necessary to account for the effect of temperature on
the distribution of V0 and/or r (e.g., by running the initial
MD simulations at different temperatures). We will pursue
this in future work.
We compared the dependence of the AADH KIE on rHtun
(from Fig. 7) to the Kuznetsov and Ulstrup (K-U) (23)
Barrier Compression and Enzyme Catalysis 127nonadiabatic model we have used previously to model the
AADH reaction (19). There is a very good agreement, espe-
cially if the Hwavefunction ismodeledmore accurately using
a quantum Morse oscillator rather than a harmonic oscillator
(51) (Fig. 8). There is also good agreement forMA (Fig. S10).
It is interesting to note that the K-U model agrees well with
theWKBmodel (Eqs. 1–5) even at fairly low k-values, where
proton transfer is largely adiabatic (i.e., occurs with signifi-
cant over-the-barrier H-transfer). The agreement between
these two approaches suggests that despite the oversimplified
nature of the K-U model (and presumably other similar
models), this type of model can provide a useful tool for
fitting experimental data and extracting tunneling distances.CONCLUSIONS
The role of promoting vibrations and barrier compression are
usually discussed in the context of H-tunneling reactions.
However, as there is 1), a roughly exponential dependence of
the rate of a tunneling reaction onbarrierwidth; 2), an exponen-
tial dependence of the rate of a classical reaction on barrier free
energy; and 3), what appears to be a roughly linear dependence
between barrier height and width (Fig. 2 and Fig. S2), then the
rate enhancement caused by any barrier compression—
whether it be by promoting vibration or other mechanism—
should be of a similar magnitude for both classical (over-the-
barrier) and quantum reactions. As the enzyme only feels
evolutionary pressure on the rate of the reaction and not the
mechanism (i.e., on tunneling versus over-the-barrier), then it
would appear that promoting vibrations, if present, and any
other mechanism for barrier compressions, may be more
important than is (as of this writing) generally acknowledged.SUPPORTING MATERIAL
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